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SUMMARY

An iInvestigation was conducted to determine the effect of fuel
volatility on the relation between mixture température and lkmock-
limited performance of a liquld-cooled single-cylinder test ‘engine.
‘Knock-limited. mixture-response tests were run at inlet-air temper-
atures renging from 150° to 380° F with AN-F-28 fuel and with tech-
nical grade of butane. For these two series of tests, the fuel
wvas 1njJected before & vaporization tank connected into the. combustion-
alr system Just before the engine. A similar series of tests was
also run with 28-R fuel which was inJected both before and after
the vaporization tank.

THe results of the tests show.

1. The mixture temperature at which the curve of indicated
mean effective pressure plotted against mixture temperature becomes
nonlinear 1s independent of the fuel volatility.

2. '.Ble knock-limited power output 18 slightly higher when the
fuel has been reasonably well vaporized prior to induction into
the engine than when the fuel is injected directly into the engine
inlet pipe.

IRTRODUCTION

At the request of the Army Airl Forces, a geriés of tests 1s
being conducted to determine the effect of engine-operating varil-
ables on the knock-limited power output of a liquid-cooled engline.
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(See reference 1.) In the dstermimasion of the effect of decreasing
the inlet-mixture temperature on the knock-limited power output of
the engine, the following characteristic.relations were observed:
(1) the incresse in the knock-limited power was greater at lean
mixtures than at rich mixtures; (2)_ the fueltalr-ratio at which the
maximum ¥nock-limited power was observed decreased from a rich to & |
& lean value; and (3) a value of the inlet-mixturé temperatire was
reached beyond which further decreases in this temperature caused -
little or no further increase in the lkmock-limited powsr. These
effects are illustrated In figure 1, which is plotted from unpub-
lished date. I

These three reletions led to the.hypdthesis'that. incamplete
vaporizetion of the fuel at low inlet-mixture temperatures affected
the knock limits and thet these rolations weré therefére dependent
upon the fusl vrlatility. The tests repcrted Hereln were conducted
at the NACA Cleveland lsboratory during the latter pert of 1944 in
order to determine whether fusl volatillity was responsible for these
relations. : T ) . R :

: . * At
Throe fuels .were used in the tegts: AN-F-28, Amendment-2,
28-R, and a technical grade of n-butane (butene). The AN-F-28,
Amendment-2, and 28-R fuals had the.following distallation char-
acteristics: : : ' .
10 per-~ 50 per- 9" per-

cent coant . cent -
point point pelnt . )
(°r) (°r) ("F)" ]
AN-F-28, - 137 211, . 270
Amendment-2 :
28-R . 140 : 208 ' 7 _ ?78

The A. S. T. M. distillation curves for these two fuels are pre-
sented in figures 2 and 3. The butane hed a normel boiling point
of 31° F. The relation between the boiling temperature and pres-
sure fcr butane 1s shown In figure 4, which l1s plotted from date
obtalned from refersnce 2.

.."
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APPARATUB

The tests were run in one cylinder of a liquid-cooled cyl-
inder block mounted on a CUE crankcase, as described in refer-
ence 3. Knock was detected with a magnetic-vibration-type pickup
coupled through an emplifier to an oscilloscope.

The induction system used with the engine 1s dlagrammatically
Illustrated in figures 5 and 6. The cambustlon elr, which wes
supplied by the'central laboratory system, pessed through a pressure-
regulating velve and an electric heater before entering the surge
tank. A thin+plate orifice was used to measure the alr-flow rate.

From the surge tank the combustion air passed through the
veporization tank and the inlet elbow of the engine (fig. 5). The
vaporization tank had a capacity of approximately 1 cublc foot.
S8everal inclined baffles were mounted in the vaporization tank to
provide additional surface for the evaporetion of the fuel end to
promote thorough mixing of the fusl with the air. Iron-constantan
thermocouple junctions were mounted at the inlet (upstream from the
injection nozzle) and at the outlet of the vaporization tank to
determine the inlet-air and the mixturs temperatures, respectively.
The mixture thermocoupnle was mounted in such s position that any
unvaporized fuel leaving the vaporization tark would tend to pass
undérneath the thermocouple and ald in preventing liquid fuel from
reaching the Junction.

For the tests with AN-F-28 and 28-R fuels, the fusl was metered
to the engine by a variable-displacement fuel-injection pump driven
by the engine and the flow rate was determined with a calibrated
rotameter. Two fuel-injection nozzles were provided, one at the
inlet to the vaporization tank and one Just before the 1nlet elbow
at the englne.

For the tests with butene, a special fuel system (fig. 6) was
installed. Pressure was mainteined in this system by immersing the
fuel tank in a hot-water bath maintained at about 120° F. When the
butane left the tenk, it passed through a coolipg coil, which
reduced the fuel temperature sufficiently that it remained in the
ligquid state until 1t reached the fuel-injection nozzle.

TEST PROCEDURE

For the first and second series of tests, knock-limited mixturs-
rosponse tests were run with AN-F-28 fuel and with butane. Five
inlet-air temperatures, ranging from 145° to 385° F, were used in
obtalning the date for both fuels. The third series of tests was
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run with 28-R fuel at a comstant fuel-alr ratio of 0.10 and with

fuel-injection both before the vaporization tank and at the inlet
elbow of the englne; In this case, the inlet-air temperatire was

the independent variable.

The following oporating conditlons were held constant for all
the teats:

Frigine BPEed, TDM ¢ « « « o & « o s o s o o s o o s « o« « « » 3000
Compression ratlo « & ¢ & & 4 ¢ ¢ ¢ ¢ o v ¢ o o « o o s o s o 665
Inlet-oil temperature, OF . . . . . . « v ¢ ¢ ¢ « ¢ « ¢« « . « 185
Outlet-coolant temperature, °F . . . . o « s s s e e« s e 250

Coolant flcw, gallone per minute 120
Spark advance, deg B.T.C.:
Inlet & & o ¢ 4 & 4o v e 4 o o 4 4 4 4 s e e e e s e a. . 28
Exhaust o o o ¢ & o ot 4 4 v e e s e 4 4 e e s e s s e . 34

RESULTS AND DISCUSSION

Comparison of AN-F-28 fuel and butane. - In general:. the
knock-limited curves obtalned in serles 1 and 2 for the AN-F-28 fusl
and the butane (figs. 7 and 8) show the same general trends. At
the highest inlet-alr temperature tested, the knock-limlited indi-
cated mean effectlve pressurs contlnued to increase as the fuel-air
ratio was enriched from the stolchiometric mixture to the richest
mixture at which data were taken. As the inlet-alr temperature was
decreased, however, the performance curve developed a reverse bend
and peaked at a fuel-alr retlo that became leaner ag the tLemperature
was decreased. This characterlistic was more pronounced for AN-F-28
fuel than for butanse.

The cross plots of knock-limited indicated mean effective
pressure against mlxture temperaturs for AN-F-28 fuel and butane
(fig. 9) show the same general trends. These curves are approx-
imately llnear over the higher range of mixture temmnsratures but
bend and level off at lowsr mixture temperatures. The mixture tem-
perature at which thess curves become nonlinear 1s the same for
both fuels at a comparable fuel-alr ratlio and therefore rannot be
considered to be a function of the fuel voletility.

‘The most pronounced differsnce 1n the cross piots for the two
fuels llea 1n the difference in slopes. Thils difference is
brought out more clearly by figure 10, in which 1is plotted the ratio
of the indicated mean effective pressure at a glven mixture temper-
ature to the indicated mean effective pressure at = mixture temper-
aturo of 275° F. Thie plot was wade to eliminate differences in
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the power levels of the two fuels and thus facllitate a camperison.
-At comparable fuel-air-ratios,-the--butene- shows a proportionately
lerger increase in indicated mean effective pressure than the
AN-F-28 fuel for a given decrease in mixture temperature. As the
fuel-alr ratio is enriched, the difference in slopes 1s further
accentuated . " )

In order to i1llustrate some effects on vaporization resulting
from the differences in the volatilitles of the two fuels, dew-
point curves are presented in figure 11. These curves were obtalned
from equatione published in references 4 and 5 and from data in ref-
erence 6; the methods of calculation are presented in the appendix.
The curves for the AN-F-28 fuel (fig. 11(a)) show that at the low-
est mixture temperature and at rich fusl-gir ratios some liquid
fuel 1s probably inducted into the engine. Because the dew-point
temperatures of butene are very low (fig. 11(b)), it is extremely
unllkely that any liguld can exist at the beglnning of the compres-
sion stroke with this fusel.

ct of 1l v 1zation ck- t rfo « =
The resultes of tests conducted with 28-R fusl to determine the
effect of fuel vaporization on the knock-limited power of the engine
are shown in figure 12. For these tests, the degree of vaporization
of the fuel wae varled by changing the point of fuel injection
(figs. 5 and 6).

The results show that the differsnce between the curves of
knock-1imited indicated mean effective pressure against inlet-air
tem]gemtln'e is a meximum in the range of temperatures between
250° and 350° F. As the inlet-alr tempersture 1s decreased below
this range, this difference becomes less, indicating that the inlet-
alr temperature 1s too low to vaporize the fuel with lnjection before
the vaporization tank. At inlet-air temperatures above this range,
the decreaese in the difference between the two curves indicates that
the temperature of the inlet air is sufficiently high to vaporize
the fuel more completely with fuel injection at the inlet elbow.

SUMMARY OF RESULTS

The results of tests run on a single cylinder from a liquid-
cooled engine block with fuels of different volatilitles, butane
end AN-F-28, and with different degrees of fuel vaporization using
28-R show that:
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1. The mixture temperature at which the curve of indicated
mean effectlive pressure plotted against mixture temperature becomes
nonlinear is independent of the fuel volatility.

2. '],‘he knock~ limited power output of the engine 1s slightly
higher when the fuel hasg bsen reasansbly well veporized prior to
induction into the engine than when the fuel 1s injected directly
into the engine inlet pipe.

Alrcraft Engine Research Laboratory,
Natlonal Advisory Commlttee for Aeronautics,
Cleveland, Ohio, April 24, 1945.



g

NACA MR No. ESD24 ' 7

4

APPERDIX

" DEW-POINT CALCULATIONS ~

Calculation of Aew-point curves for AN-F-28, Amendment-2, fuel. -
No experimental data have beepn published on the dew polnts of ocur-
rent alrcraft fuels at different fuel-air ratlos and total pressures.
Reference 4 outlines & method whereby such.dew points may be calcu~
lated for total pressures up to one atmpsphere. For the purpose of
this report, the equations of reference ¢4 were assumed to hold true
for total pressures up to 80 inches of mercury absolute and for the
range of fuel-alr ratlos from 0.05 to 0.125.

When equations (31), (35), (38), and (42) in reference 4 are
combined, the following eduation is obtalned:

]
tap = {0.132 + 0.109 logy, [F/A (0.0348 P - 0'04)]j (tgog + 460)

+ £ tgoq - 8.95 |8 - 106.5 (1)

wvhere

td. dew-point tumperature at a given fuol-air ratio and at 2
P
glven total pressure, °F

F/A fuel-air ratio
P total pressure, in. Hg absolute

tQO% temperature of 90 nercent polint on A.S.T.M. dlstillation
curve,

3] slope of A.S.T.M. dlstillation curve at 99 percent point,
OF per percent distilled

From the distillatlion curve presented 1n figure 2, values of
tQO% and 8 were determined to be as follows:

2702 F

Sg0%
8

3,90 F per percent ‘distilled

Substitution of these values in equation (1).ylelds the result:
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tgp, = 79.6 logy, [F/A (0.0348 P - o.04')] + 152.4 (2)

Equation (2) was then used to calculate the curves of figure 11(a).

Calculation of dew-point curvea for butane. - Because ths
butane was a nearly pure hydrocarbon, 1t was considered more fea-
sible to calculate the partlal pressure of the fuel in the fuel-
alr mixture and then determine the saturation temperature from the
vapor-pressure curve than to use the method of reference 4.

The partial pressures of the butane wero determined by means
of Dalton's law:

L2 ' (3)

vhere
P pressure
M molecular welght, moles

For use In the tests reported hereiln, the equation was written in
the form:

MeP
P, ='ﬁ' (4)

where

P opressure, in. Hg absolute
M molecular wolght, 1lb-moles
f fuel

m mlixture

When the molecular welght of 58 for butane and 28.95 for air are
substituted, the equation becomes:
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p. - 0:01724 By (F/A)
'0.0339 + 0.01724 (F/0). ... .. . . (5)

From this equation the partlal pressures of the fuel were caloulated.

In order to determine  the saturation temperatures corre-
sponding to the pertial pressures, the boiling-point curve (fig. 4)
was extrapolated by means of a Duhring 1line plot. A description of
type of construction will be found in referemce 5. The sguation-
of the Du.'nring line was determined to be:

ty = 1,084 t; + 178.7 (6)
where

ty saturation temperature of reference liquid (water) at a given
pressure, °F

tp saturation temperature of fuel at same pressure, OF

Data on the thermodynamic properties of water used in connsctlon
with the Dihring line plot were obtained from roference 6 ..

l. Harriee, Myron L., Nelson, R. Lee, and Berguson, Howard XE.:
Effect of Water Injcction on Knock~Limited Performaence of
a V-Tyve 12-Cylinder Liguid-Cooled Engine. NACA Memo.
rep., Sept. 9, 1944,

2. Anon.: Hendbook of Chemistry and Physics. Chemical Rubber
Publishing Co. (Clevelend), 24th ed., 1940, pp. 1836-1837.

3. Waldron, C. D., and Biermam, A. E.: Msthod of Mounting Cyl-
inder Blocks of In-Line Engines on CUE Crankcases. NACA RB
No. EAG27, 1944.

4. Bridgemah, Oscer C.: Eguilibrium Volatility of Motor Fuels from
the Standpoint of Thelr Use in Internal Cambustion Englnes.
Res. Paper 694, Nat. Bur. Standards .Jour. Res., vol. 13,
no. 1, July 1934, pp. 53-109.
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5. Hougen, 0. A., and Wateon, K. M.: Industrial Chemical Caloulations.
) John “ﬂey & SOnB, Im (¥ ] 26- edn N 1936, pp. 74-76u

6. Keenan, Joseph H., and Keyes, Frederick G.: -Themodynamic Proper-
: tles of Steam. John Wlley & Sons, Inc., 1936.
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Figure 5. — Diagram of induction system used with single-cylinder
liquid-cooled test engine.
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Dew-point temperature, op
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Knock-1limited inlet-air
pressure, in. Hg abs,

Knock-limited imep, lb/sq in.
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